tion, or the use of flow-diversion devices such as the Pipeline Embolization Device (PED). 18, 19 Although retreatment with recoiling is effective in some patients, up to 50% of cases may still require further treatment. 18 Surgical clipping has been shown to effectively treat intracranial aneurysms with higher rates of complete obliteration compared with endovascular coiling. 2 However, clipping of previously coiled aneurysms can be challenging; it has its own limitations and technical difficulties attributed to the previously placed coils. The literature on clipping of previously coiled intracranial aneurysms is still limited, with few institutions reporting their initial experiences. 1, 15, 21, 27 With the growing population of patients harboring recurrent aneurysms, the need for retreatment is growing. More studies are required to evaluate the strategies that should be implemented in the management of recurrent aneurysms. The objective of this study was to evaluate the efficacy and safety of microsurgical clipping in the treatment of recurrent, previously coiled cerebral aneurysms and to identify individual and technical factors that can affect outcomes of this procedure.
Methods

Patient selection
The study protocol was approved by Thomas Jefferson University's institutional review board. All patients who underwent surgical clipping for the treatment of cerebral aneurysms between January 2002 and October 2014 were reviewed. The inclusion criteria for this retrospective cohort study consisted of patients with prior successful coiling who presented with aneurysm recurrence and who were managed with surgical clipping. Patients with initially attempted but unsuccessful coiling procedures and patients who underwent any endovascular treatment other than coiling prior to surgical clipping (e.g., stent placement, flow diversion) were excluded from the study. One hundred eleven patients who met the study criteria were identified. The total number of aneurysms treated with clipping during the same time period was 933, of which 553 were unruptured and 380 were ruptured aneurysms. The total number of aneurysms managed with coiling was 2632, of which 699 were ruptured and 1933 were unruptured aneurysms.
variables and outcomes
Electronic medical records were reviewed to determine baseline patient, aneurysm, and treatment characteristics; follow-up images and angiograms were reviewed for all patients. Variables including age, sex, smoking status, hypertension, aneurysm rupture and presentation with subarachnoid hemorrhage at the time of initial coiling, aneurysm location, aneurysm size, aneurysm shape, indication for clipping, number of coiling procedures prior to clipping, percent recurrence based on follow-up angiograms postcoiling, time interval from coiling to clipping, angiographic outcomes postclipping, and follow-up duration were recorded for each patient.
The outcomes of interest in this study included the following: 1) the success of the procedure, as measured by the rates of aneurysm occlusion, recurrence on angiographic follow-up, and retreatment after clipping; and 2) the safety of the procedure, as determined by the rate of complications and the rate of favorable versus unfavorable clinical outcomes after the procedure. Clinical outcome was determined by using the modified Rankin Scale (mRS), with an mRS score of 0-2 considered as a favorable or good outcome and an mRS score of 3-6 considered as an unfavorable or bad outcome. The mRS scores were determined by specialized neurosurgeons based on the last follow-up visit. Complications were diagnosed clinically with new deficits or change in the level of consciousness, or on CT scans or MRI.
surgical clipping
All procedures were performed by neurosurgeons trained in both microsurgical and endovascular procedures. The decision to treat recurrent, previously coiled cerebral aneurysms with microsurgical clipping depended on patient and aneurysm characteristics. In general, aneurysms in certain anatomical locations (mostly in the anterior communicating artery [ACoA], the middle cerebral artery, and the posterior communicating artery [PCoA]), with wide necks, an unfavorable neck-to-dome ratio, and less densely packed with coils, leaving enough space for clip placement at the neck, were more likely to be clipped. Older patients with multiple comorbidities, posterior circulation aneurysms, and coils densely packed in the aneurysm neck were less likely to be treated with surgical clipping.
The procedures were performed under general endotracheal anesthesia with administration of corticosteroids and diuretics. Continuous neurophysiological monitoring was performed in all patients. Different approaches were followed, depending on the location of the aneurysm. After clipping of the aneurysm, micro-Doppler recordings were checked for patency of the afferent and efferent vasculature and for any ultrasonic evidence of residual flow within the aneurysm. All patients had an intraoperative angiogram to document aneurysm occlusion, patency of the parent vessel, and appropriate positioning of the clip (Figs. 1 and 2 ).
statistical analysis
Data are presented as mean and range for continuous variables, and as frequency for categorical variables. Analysis was performed using unpaired t-test, chi-square, and Fisher's exact tests, as appropriate. Univariate analysis was used to test covariates predictive of the following dependent variables: complication following clipping, incomplete occlusion and retreatment after clipping, and functional outcome (mRS score of 0-2 vs 3-6). Interaction and confounding were assessed through stratification and relevant expansion covariates. Factors predictive in univariate analysis (p < 0.15) were entered into a multivariate logistic regression analysis, and p values ≤ 0.05 were considered statistically significant. Statistical analysis was performed using Stata 10.0 (StataCorp).
results baseline characteristics
The mean patient age was 50.5 ± 11 years; 74% were women and 26% were men. Fifty-nine percent of patients were smokers, and 54% had a history of hypertension. Seventy-nine percent of patients presented with subarachnoid hemorrhage at the time of initial coiling. One hundred eight aneurysms (97.3%) were located in the anterior circulation, and 3 aneurysms (2.7%) were located in the vertebrobasilar circulation. Aneurysm locations are detailed in Table 1 . The mean aneurysm size was 7 ± 3 mm; 54% of aneurysms were < 7 mm, 36.5% were 7-12 mm, 8.2% were 13-24 mm, and 1.1% were ≥ 25 mm. Most aneurysms were saccular (97.3%). The mean percent recurrence, based on follow-up angiogram after coiling, was 40% ± 25%. The mean follow-up duration was 22 months after the clipping procedure. Ninety-three patients (84%) had 1 coiling intervention prior to clipping, 17 patients (15%) had 2 coiling procedures prior to clipping, and 1 patient (1%) had 3 prior coiling interventions. The mean time interval from coiling to clipping was 23 months.
surgical clipping
The indications for microsurgical clipping after coiling included aneurysm recanalization in 95 of 111 patients (85.6%) and aneurysm residual in 16 of 111 patients (14.4%). Coil compaction was observed in 19 patients (17%) on follow-up angiogram and was confirmed intraoperatively. The clinical indications for the procedure included rebleeding after coiling in 2 patients (1.8%), headaches in 7 patients (6.3%), third cranial nerve palsy in 4 patients (3.6%), and 1 patient (0.9%) presented with symptoms of dysphagia and dysarthria. An angiogram was obtained in these patients and showed recurrence or residual lesion. Aneurysm recurrence or residual was documented incidentally on follow-up angiograms in the remaining 87.4% of patients. Intraoperative aneurysm rupture did not occur in any of the patients. Coil extraction was performed in 3 patients (2.7%), all of whom suffered a postoperative stroke. Temporary clips were used in 40 patients (36%) to allow slackening and mobilization of the aneurysm complex. Direct aneurysm clipping was technically challenging in 6 patients (5.4%), with failed clipping attempts. Aneurysm wrapping was performed in these patients.
clinical outcomes
Complete aneurysm occlusion, as assessed by intraoperative angiography, was achieved in 97.3% of aneurysms after surgical intervention (108 of 111 patients) (Fig. 3) . Two patients (1.8%) had a recurrence after clipping during follow-up. Another intervention was performed in those patients who had an unsuccessful clipping procedure or recurrence of the aneurysm after surgical management. In total, 5 of 111 patients (4.5%) required retreatment to achieve complete occlusion after clipping. Major postoperative complications with resultant neurological morbidity occurred in 8% of patients. All postoperative complications (including stroke, intracerebral hemorrhage, hydrocephalus, infection, subdural hematoma, and seizures) were observed in 17 patients (15%). Mortality was observed in 3 of 111 patients (2.7%). Postoperative complications are detailed in Table 2 . Ninety percent of patients had a good outcome at their last follow-up visit, with an mRS score of 0-2 ( Table 3) .
Predictors of outcomes
A statistical analysis was conducted for further characterization of aneurysms that had a negative clinical or radiographic outcome. In multivariate analysis, factors that were significantly associated with the occurrence of complications included aneurysm size (OR 1.4, 95% CI 1.08-1.7; p = 0.009) and location, with aneurysms located in the vertebrobasilar circulation resulting in the highest rate of complications compared with other locations (OR 9.3, 95% CI 1.1-74.5; p = 0.036). Furthermore, in univariate analysis, aneurysm size > 7 mm was significantly associated with higher odds of complications (OR 22.4, 95% CI 2.6-190.5; p = 0.004). In both uni-and multivariate analysis, larger aneurysm size (OR 1.2, 95% CI 1.02-1.45; p = 0.025) and higher number of interventions prior to clipping (OR 5.3, 95% CI 1.3-21.4; p = 0.019) were significant predictors of poor outcome. In univariate analysis, aneurysm size > 7 mm (OR 4.9, 95% CI 1.13-21.3; p = 0.034) and having perioperative complications (OR 16, 95% CI 3.9-62.6; p < 0.001) carried higher odds of poor clinical outcome. In both uni-and multivariate analyses, the only significant predictor of aneurysm recurrence and retreatment was size > 7 mm (p = 0.018). Furthermore, all retreatments occurred in aneurysms > 7 mm.
Discussion
Endovascular coiling has become the standard of treatment for a large proportion of cerebral aneurysms. Although less invasive than surgical clipping, aneurysm coiling presents with higher recurrence rates, which necessitates more retreatments to reduce the risk of future hemorrhage. 2 Approximately 20% of all coiled cerebral aneurysms recur, and 10% of coiled aneurysms require another intervention. 5 With the growing population of re- current, previously coiled cerebral aneurysms, treatment strategies have to be implemented to address this issue. This study represents the largest single-center experience to date highlighting the use of surgical clipping in the management of recurrent, previously coiled cerebral aneurysms. A high success rate, high rate of good clinical outcome, low retreatment rate, and low rate of complications were observed in this cohort of 111 patients. Clipping of coiled aneurysms is more technically challenging than surgical clipping of untreated aneurysms. However, with appropriate patient selection, the efficacy of the procedure is high and complications are minimal. For this reason, a multidisciplinary approach is required to guide patient selection for the retreatment procedure. The aneurysms that were retreated with clipping had a significant recurrence after coiling (mean 40%) and/or were progressing on follow-up, and had a favorable morphology, with a wide neck and no coil loops in the neck, as evaluated on angiography prior to clip placement.
Microsurgical clipping of coiled aneurysms is best accomplished by direct clipping of the aneurysm neck. The feasibility of this procedure depends on several factors, including the time interval between the coiling procedure and microsurgical clipping, the position of the coils within the aneurysm, and the space available at the base of the aneurysm for clip placement. 1, 21, 27 Technical difficulties attributed to the coils present in the aneurysmal sac and neck are frequently encountered, making it difficult to properly clip the aneurysm and sometimes requiring removal of such coils. 9, 11, 25 The removal of coils for clip placement carries high morbidity. Each of the 3 patients who had coil extraction suffered a stroke postoperatively. When direct clipping is not possible, with coil loops extending into the aneurysm neck, or with significant transmural calcification and scarring, other techniques should be considered. Wrapping of the aneurysm was attempted in these difficult cases and was successful in all patients, with good outcomes. Other techniques reported in the literature include extracranialintracranial bypass and trapping or proximal vessel occlusion.
1,21
The high rate (97.3%) of complete obliteration in this study is consistent with previous reports in the literature. In a retrospective study that included 82 previously coiled aneurysms, Romani et al. reported a similar rate (94%) of complete occlusion after surgical clipping. 21 Waldron et al. reported that 32 of 33 (97%) previously coiled aneurysms were completely occluded without residual filling after microsurgical clipping. 27 Other smaller studies reported occlusion rates ranging from 83% to 100%. 1 Veznedaroglu et al. reported that the presence of coils in the aneurysm dome and/or neck makes clipping and exposure of the aneurysm neck difficult, leading to an increased risk of incomplete obliteration (3 of 18 patients in their study).
26
Although previous coil placement can cause significant scarring and change in the aneurysm morphology, in our experience, direct clipping of the coiled aneurysm neck can be accomplished successfully in most patients.
Major complications were observed in 8% of patients. Romani et al. reported complications leading to major morbidity and mortality in 10 of 81 patients (12%). 21 Zhang et al. reported complications in 7 of 38 patients (18%). 29 Waldron et al. reported that the rate of surgical mortality was 7%, the permanent neurological morbidity rate was 2%, and the remaining 39 patients (91%) had good outcomes. 27 The International Subarachnoid Aneurysm Trial reported that 22 patients had neurosurgical treatment after initial coiling. The investigators did not observe any complications in these patients, and only 2 patients had a worsened outcome (mRS score > 2).
2 Similarly, in the present study, 90% of patients had a good clinical outcome during 17 This low complication rate is attributed to the low rate of coil extraction, which poses a risk of tearing the aneurysm neck or injuring adjacent structures and carries the highest risks of morbidity and mortality.
Aneurysm size and location play important roles in the patient selection for aneurysm management. Larger aneurysms, mainly > 7 mm, and aneurysms located in the posterior circulation had higher odds of poor outcomes. Aneurysm size and location were reported to be significant predictors of poor outcome after open surgery in the International Study of Unruptured Intracranial Aneurysms study. 28 These risk factors are further extended to clipping of previously coiled aneurysms. Similarly, Romani et al. found that larger coiled aneurysms and aneurysms in the posterior circulation had worse outcomes after microsurgical clipping. 21 There are several endovascular treatments that can be used in the management of recurrent, previously coiled aneurysms. The major options include recoiling, stenting, stent-assisted coiling, and flow diversion. Renowden et al. reported an 11% recurrence after recoiling of previously coiled aneurysms. 19 Sedat et al. observed that recoiling achieved complete occlusion in 56.8% of aneurysms. 22 Raymond and Darsaut reported that after long-term follow-up, 50% of aneurysms had recurrences when recoiling was attempted. 18 The recurrence rates observed with recoiling of recurrent aneurysms exceed the rates reported with surgical clipping. Recurrences of aneurysms with wide necks and unfavorable neck-to-dome ratios would be better candidates for surgical clipping than recoiling.
Furthermore, in many cases, several interventions are required to achieve aneurysm occlusion with coiling. Slob et al. reported that 19.5% of previously coiled aneurysms required multiple coil treatments to achieve complete or near-complete aneurysm occlusion, with some patients requiring up to 4 coiling procedures. 23 Ringer et al. reported that 13.2% of patients required several coiling procedures for successful aneurysm treatment. 20 In our study, 18 of 111 patients (16.2%) underwent more than 1 attempt at coiling before microsurgical clipping was performed. Our results show that aneurysms that were managed several times with coiling were more likely to have worse outcomes after the clipping procedure. This can be attributed to the increased amount of scarring and unfavorable aneurysm geometry, both of which can make the clipping procedure more difficult.
Stenting represents another treatment strategy for recurrent aneurysms. Tӓhtinen et al. reported complete occlusion in 59% of patients after stent-assisted coiling of recurrent aneurysms, with a complication rate of 11%. 24 Compared with our results, microsurgical clipping resulted in a higher occlusion rate with a similar complication rate. Chalouhi et al. observed that prior coil treatment was a predictor of recanalization after stent-assisted coiling. 3 O'Kelly et al. reported successful occlusion in 83% of patients after treatment with the PED. 16 They reported, however, that in patients with previously treated aneurysms, the PED achieved lower occlusion rates. McAuliffe et al. reported that in patients who were not previously treated, the aneurysm occlusion rate with the PED was 92.5%. However, in patients who were previously treated, the occlusion rate was 68.7%. 12 Retreatment of previously coiled aneurysms can be attained with multiple strategies. However, this process should be individualized based on the remnant anatomy, the neurosurgeon's expertise, and the efficacy and safety of each technique in the management of recurrent aneurysms. To evaluate candidates for microsurgical treatment, several factors should be considered, including patient's age, comorbidities, and preference to undergo surgical or endovascular intervention. Patients who present with recurrent bleeding from a ruptured aneurysm should be seriously considered to undergo clipping of the recurrent aneurysm. Recurrent aneurysms with a significant recurrence after coiling (≥ 40%), aneurysms with recurrence at the neck leaving room for clip application, aneurysms with a wide neck, a neck-to-dome ratio of more than 2:1, aneurysms with a low volumetric occupation by coils, and anterior circulation aneurysms should be seriously considered for surgical management following the first failed coiling intervention.
The major limitations of this study include the fact that the study population was gathered from a single center, which may not always reflect the findings and practices of other institutions; the retrospective nature of the study; and the lack of a control group.
conclusions
Surgical clipping is an appropriate treatment strategy for the management of recurrent cerebral aneurysms after endovascular coiling. Direct clipping of the aneurysm neck is feasible in most cases of recurrent, previously coiled cerebral aneurysms. Coil extraction should not be attempted regularly because it is associated with high morbidity. Aneurysm size, location, and number of prior interventions are important factors that can affect the safety and efficacy of clipping in the management of recurrent, previously coiled aneurysms. With the growing number of recurrent and residual aneurysms after endovascular treatment, more comparative studies between the different surgical and endovascular approaches are required to establish the best treatment to manage these aneurysms.
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